














































































































































Background: In microarray data analysis, the comparison of gene-expression profiles with
respect to different conditions and the selection of biologically interesting genes are crucial tasks.
Multivariate statistical methods have been applied to analyze these large datasets. Less work has
been published concerning the assessment of the reliability of gene-selection procedures. Here
we describe a method to assess reliability in multivariate microarray data analysis using
permutation-validated principal components analysis (PCA). The approach is designed for
microarray data with a group structure.
Results: We used PCA to detect the major sources of variance underlying the hybridization
conditions followed by gene selection based on PCA-derived and permutation-based test
statistics. We validated our method by applying it to well characterized yeast cell-cycle data and
to two datasets from our laboratory. We could describe the major sources of variance, select
informative genes and visualize the relationship of genes and arrays. We observed differences in
the level of the explained variance and the interpretability of the selected genes.
Conclusions: Combining data visualization and permutation-based gene selection, permutation-
validated PCA enables one to illustrate gene-expression variance between several conditions and
to select genes by taking into account the relationship of between-group to within-group variance
of genes. The method can be used to extract the leading sources of variance from microarray
data, to visualize relationships between genes and hybridizations and to select informative genes
in a statistically reliable manner. This selection accounts for the level of reproducibility of
replicates or group structure as well as gene-specific scatter. Visualization of the data can support
a straightforward biological interpretation.
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The permutation-validated PCA procedure for grouped data.
1. Rank-ordered PCA for grouped data based on polished expression matrix
     X with rows centered to have zero mean and standardized columns. 
2. Selection of components with significant F-statistics (ANOVA, p≤  0.01)
    following the order of explained variance. Termination of the selection
    process at the occurrence of a component with non significant F-statistics
    resulting in k components.
3. PCA based on group-averaged data, computation of the test value
4. Random permutation of the columns of X, PCA based on group-averaged
    resampled data, computation of 
for each gene g. 
5. Repeat step 4 to get permutation distributions of  Tg.
6. Select genes with tg greater than the 95% quantile of the permutation
    distributions Tg.
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PCA of the cell-cycle data. Plot of the first two components’ loadings against each other. Crosses or gene names represent the variable (hybridization)
loadings. Colors indicate the cycle phase to which the hybridizations were classified by Spellman et al. [23]. M/G1, yellow; G1, green; S, blue; G2, red; M,
brown. The labeled arrays are misclassified CDC hybridizations assigned to new cell-cycle phases by PCA.
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PCA of the grouped cell-cycle data. Biplot of gene scores and cell-cycle phase group loadings according to the first two components of the PCA. The
open circles or gene names represent the gene scores. The vectors represent the cell-cycle phase group (variable) loadings. The biplot enables the
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Color-coded expression-profile table of the genes selected from the cell-
cycle data by permutation test. Abscissa, cell-cycle phase groups;
ordinate, genes. The cycle phase groups and the genes are arranged
according to the angular position in the PCA biplot (see Figure 3).
Upregulation, red; downregulation, green. The figure was generated using








































































Hybridizations performed in the CRH-R1 abolition experiment
Genotype (symbol) Treatment (days)  Group ID  N
129Ola/CD1 knockout (k) 0 k0 4
129Ola/CD1 heterozygous (h) 0 h0 4
129Ola/CD1 heterozygous (h) 1 h1 5
129Ola/CD1 wild type (w) 0 w0 4
129Ola/CD1 wild type (w) 1 w1 4
129Ola/CD1 wild type (w) 7 w7 3
129SvJ wild type (s) 0 s0 4
129SvJ wild type (s) 1 s1 3
129SvJ wild type (s) 7 s7 2
Total 33
Thirty-three 12-week-old male mice with the genotypes shown in column
1 (k were CRH-R1 deficient animals, h and w were their littermates)
were treated orally with an antagonist directed against the CRH-R1
(Janssen compound R121919) for 0, 1 or 7 days at a dose of 40 mg per kg
body weight. Untreated groups (h0, w0, s0) were used to normalize the












































































































































Application to antidepressant data








































































































































































































































PCA of the grouped CRH-R1 function abolition data. Biplot of gene scores and treatment group loadings according to the first two components of the
PCA. The open circles or gene names represent the gene scores. The vectors represent the treatment group (variable) loadings. The biplot enables the







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Color-coded expression-profile table of the genes selected from the
CRH-R1 function abolition data by permutation test. Abscissa, treatment
groups; ordinate, genes. The treatment groups and the genes are
arranged according to the angular position in the PCA biplot (see







































Design of the antidepressant experiment
Drug Treatment (days) Group ID N
Mirtazapine 1 a1 3
Mirtazapine 7 a7 3
Mirtazapine 28 a28 5
Paroxetine 1 p1 5
Paroxetine 7 p7 5
Paroxetine 28 p28 3
Vehicle 28 c28 5
Total 29
Twenty-nine 12-week-old male mice of genotype 129SvJ were treated
with the drug mirtazapine (a), paroxetine (p) or vehicle (c) by mouth for
1, 7 or 28 days at a dose of 40 mg per kg body weight. The untreated
control group (c28) was used to normalize the data and does not appear




















































































































































































































































































































































































PCA of the grouped antidepressant data. Biplot of gene scores and treatment groups loadings according to the first two components of the PCA. The
open circles represent the gene scores. The vectors represent the treatment groups (variable) loadings. The biplot enables the association of genes with
the treatment groups. Genes labeled with numbers have test values above the 95% percentile of the permutation distribution; genes labeled with gene













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Color-coded expression-profile table of the genes selected from the
antidepressant data by permutation test above the 99% percentile.
Abscissa, treatment groups; ordinate, genes. The treatment groups and
the genes are arranged according to the angular position in the PCA


















































































































































































































































We thank Claudia Kühne for technical assistance. We thank the GSF-
Research Center, the Max-Planck-Gesellschaft and the Volkswagenstiftung
for funding. 
References
1. Kerr M, Martin M, Churchill G: Analysis of variance in microar-
ray data. J Comp Biol 2000, 7:819-837.
2. Ting Lee M, Kuo C, Whitnore G, Sklar F: Importance of replica-
tion in microarray gene expression studies: statistical
methods and evidence from repetitive cDNA hybridization.
Proc Natl Acad Sci USA 2000, 97:9834-9839.
3. Dudoit S, Fridlyand J, Speed T: Comparison of discrimination
methods for the classification of tumours by using gene
expression data expression data processing and modeling.
Technical Report 576, Berkeley, CA: University of California at Berke-
ley, 2000. Available at [http://www.stat.berkeley.edu/users/terry/zarray/
Html/papersindex.html]
4. Brown M, Grundy W, Lin D, Cristianini N, Sugnet C, Furey T, Ares
MJ, Haussler D: Knowledge-based analysis of microarray gene
expression data by using support vector machines. Proc Natl
Acad Sci USA 2000, 97:262-267.
5. Eisen M, Spellman P, Brown P, Botstein D: Cluster analysis and
display of genome-wide expression patterns. Proc Natl Acad Sci
USA 1998, 95:14863-14868. 
6. Tavazoie S, Hughes J, Campbell M, Cho R, Church G: Systematic
determination of genetic network architecture. Nat Genet
1999, 22:281-285.
7. Tamayo P, Slonim D, Mesirov J, Zhu Q, Kitareewan S, Dmitrovsky E,
Lander E, Golub T: Interpreting patterns of gene expression
with self-organizing maps: methods and application to
hematopoietic differentiation. Proc Natl Acad Sci USA 1999,
96:2907-2912. 
8. Bittner M, Meltzer P, Chen Y, Jiang Y, Seftor E, Hendrix M, Radmacher
M, Simon R, Yakhini Z, Ben-Dor A, et al.: Molecular classification
of cutaneous malignant melanoma by gene expression pro-
filing. Nature 2000, 406:536-540. 
9. Holter N, Mitra M, Maritan A, Cieplak M, Banavar J, Fedoroff N:
Fundamental patterns underlying gene expression profiles:
simplicity from complexity. Proc Natl Acad Sci USA 2000,
97:8409-8414. 
10. Hastie T, Tibshirani R, Eisen MB, Alizadeh A, Levy R, Staudt L, Chan
W, Botstein D, Brown P: Gene shaving as a method for identi-
fying distinct sets of genes with similar expression patterns.
Genome Biol 2000, 1:research0003.1-0003.21.
11. Alter O, Brown P, Botstein D: Singular value decomposition for
genome-wide expression data processing and modeling. Proc
Natl Acad Sci USA 2000, 97:10101-10106. 
12. Hilsenbeck S, Friedrichs W, Schiff R, O’Connell P, Hansen R,
Osborne C, Fuqua S: Statistical analysis of array expression
data as applied to the problem of tamoxifen resistance. J
Natl Cancer Inst 1999, 91:453-459. 
13. Raychaudhuri S, Stuart J, Altman R: Principal components analy-
sis to summarize micorarray experiments: application to
sporulation time series. Pac Symp Biocomput 2000:455-466. 
14. Fellenberg K, Hauser N, Brors B, Neutzner A, Hoheisel J, Vingron M:
Correspondence analysis applied to microarray data. Proc
Natl Acad Sci USA 2001, 98:10781-10786. 
15. Krzanowski W: Principles of Multivariate Analysis. Oxford: Oxford Uni-
versity Press, 2000. 
16. Hastie T, Tibshirani R, Botstein D, Brown P: Supervised harvesting
of expression trees. Genome Biology 2001, 2:research0003.1-0003.12. 
17. Tusher V, Tibshirani R, Chu G: Significance analysis of microar-
rays applied to the ionizing radiation response. Proc Natl Acad
Sci USA 2001, 98:5116-5121. 
18. Landgrebe J, Welzl G, Metz T, van Gaalen M, Ropers H, Holsboer F,
Wurst W: Molecular characterization of antidepressant
effects in the mouse brain using gene expression profiling.
J Psychiat Res 2002, 36:119-129. 
19. Dudoit S, Yang Y, Callow MJ, Speed T: Statistical methods for
identifying differentially expressed genes in replicated
cDNA microarray experiments. Technical Report 578. Berkeley,
CA: University of California at Berkeley, 2000. 
[http://www.stat.berkeley.edu/users/terry/zarray/Html/papersindex.html]
20. Efron B: The bootstrap and modern statistics. J Amer Stat Assoc
2000, 95:1293-1296. 
21. Ghosh D, Chinnaiyan AM: Mixture modelling of gene expres-
sion data from microarray experiments. Bioinformatics  2002,
18:275. [http://www.sph.umich.edu/~ghoshd/COMPBIO/mixture1/]
22. Wall M, Dyck P, Brettin T: SVDMAN — singular value decompo-
sition analysis of microarray data. Bioinformatics 2001, 17:566-568. 
23. Spellman P, Sherlock G, Zhang M, Iyer V, Anders K, Eisen M, Brown
P, Botstein D, Futcher B: Comprehensive identification of cell
cycle-regulated genes of the yeast Saccharomyces cerevisiae
by microarray hybridization. Mol Biol Cell 1998, 9:3273-3297. 
24. Zhao L, Prentice R, Breeden L: Statistical modeling of large
microarray data sets to identify stimulus-response profiles.
Proc Natl Acad Sci USA 2001, 98:5631-5636. 
25. Krzanowski W: Ranking principal components to reflect
group structure. J Chemometrics 1992, 9:509-520. 
26. Keck M, Welt T, Wigger A, Renner U, Engelmann M, Holsboer F,
Landgraf R: The anxiolytic effect of the CRH1 receptor antag-
onist R121919 depends on innate emotionality in rats. J Neu-
rosci 2001, 13:373-380. 
27. De Souza E: Corticotropin-releasing factor receptors: physiol-
ogy, pharmacology, biochemistry and role in central
nervous system and immune disorders. Psychoneuroendocrinol-
ogy 1995, 20:789-819. 
28. Timpl P, Spanagel R, Sillaber I, Kresse A, Reul J, Stalla G, Blanquet V,
Steckler T, Holsboer F, Wurst W: Impaired stress response and
reduced anxiety in mice lacking a functional crh-r1. Nat Genet
1998, 19:162-166. 
29. Hughes T, Marton M, Jones A, Roberts C, Stoughton R, Armour C,
Bennett H, Coffey E, Dai H, He Y, et al.: Functional discovery via
a compendium of expression profiles. Cell 2000, 102:102-126. 
30. Duman R, Heninger G, Nestler E: A molecular and cellular
theory of depression. Arch Gen Psychiatry 1997, 54:597-606. 
31. Eisen M, Brown P: DNA arrays for analysis of gene expression.
Methods Enzymol 1999, 303:179-205.
32. Chen Y, Dougherty E, Bittner M: Ratio-based decisions and the
quantitative analysis of cDNA micro-array images. J Biomed
Optics 1997, 2:364-374. 
c
o
m
m
e
n
t
r
e
v
i
e
w
s
r
e
p
o
r
t
s
d
e
p
o
s
i
t
e
d
 
r
e
s
e
a
r
c
h
i
n
t
e
r
a
c
t
i
o
n
s
i
n
f
o
r
m
a
t
i
o
n
r
e
f
e
r
e
e
d
 
r
e
s
e
a
r
c
h
http://genomebiology.com/2002/3/4/research/0019.11